The aim of the presented work was to determine the provenance and dating of a few groups of the early medieval Central European coins. The widely known and already described types of coins have been chosen for investigations. However, their attribution and chronology often constitute a serious problem for historians and numismatists.
X-ray fl uorescence, TXRF), and laser ablation inductively coupled plasma mass spectrometry (LA--ICP-MS) were applied. All limitations that arise from a complex structure of the historical artifacts were taken into consideration.
The main goal of using SEM was detailed localization and precise selection of interesting and important micro-areas of the coin surface. Elemental analysis was carried out inside a small (about 50 m wide) crater after the LA-ICP-MS investigations. Analyses were made at the coin surface and inside -along and across -the crater. Obtained results proved the higher concentration of silver at the surface as compared with silver concentration in the bulk of the samples. Opposite phenomenon was observed for copper concentration. These results were the successive effect of the long-time corrosion processes.
The results of these investigations are significant for our knowledge of the history of Central European coinage, especially of Polish coinage. An interpretation of the results of the statistical methods allowed us to differentiate the artifacts in relation to the various production centers (mints), various recipes, as well as various raw materials and their purifi cation methods.
Experimental procedure

Investigated material
Denarii, which were struck approximately from Xth century to XIth century in Central Europe, were found in great number of hoards excavated in Poland. Individual characteristic of these coins is cross picture and legend on obverse and reverse sides. Iconography of denarii has not included information about mints [1] [2] [3] [4] . On the iconography, criterion is possible differentiation of eight main types of denarii: -type I -the oldest, with a temple picture, cross and pseudo-legend on the sides, and 23 mm in diameter, struck during the period 960-1000 A. 
Experimental methods
Technological studies, studies of manufacturing techniques, of the appearance of aging and methods for determining the age of objects are performed, fi rst, to determine the authenticity of works of art; second, to obtain information on the technology Fig. 1 and techniques that were used by a given master; and third, to indicate the optimum conservation techniques that should be used during renovation and conservation work of a given object. The specifi c feature of such research is the use of multiple methods, mainly physiochemical, to study the objects of unique nature and of high artistic and market value. Often it is impossible to collect material, or even a small analytical sample, for testing. In such instances, portable equipment and various methods that do not cause any damage to the object and do not require sampling are used. The terms 'destructive' and 'nondestructive' must be understood -in this context -as relating to the whole work of art and not only the analytical sample taken. Taking an analytical sample could lead to a risk to the historical monument -could disfi gure it or reduce its artistic or market value, and so on. The objects themselves are often very heterogeneous. This is due, among other things, to the composite materials they are made of, their complex technological construction, and natural aging processes. Their external layers, that is, the layers to which we usually have unrestricted access and which we see when viewing an object, do not fully represent the material from which the object was initially manufactured. Also the chemical components of the external layer often differ signifi cantly from the chemical composition of the material from which the object was produced. This leads to serious problems concerning interpretation, and taking samples from the deeper, noncorroded layers could lead to even greater damage to the object. The selection of the research method used must each time be well thought out, taking into consideration mainly the purpose of the test and the nature of the tested object. As the Saxon denarii are particularly rare and, therefore, of high value, it was intended to perform analysis without sampling or with very small interference.
Three methods were applied for studying the characterization of coins: electron microscopy with energy dispersive X-ray analysis (SEM-EDS), XRF analysis (EDXRF, TXRF), and LA-ICP-MS.
XRF was used without sampling in order to determine the silver contents and also minor (Cu, Pb, Bi) and trace element (Au, Hg, Zn Pb) using LA-ICP-MS. In this study, the Pb isotopic composition was measured using ICP-MS ELAN DRC II, PerkinElmer, equipped with LSX-500 laser ablation system, CETAC. The NIST NBS 981 Pb was applied to correct for instrumental mass bias [5, [7] [8] [9] [10] [11] .
Owing to corrosion processes, which changed the chemical composition of the surfaces of the coins, investigations of crater after the LA-ICP-MS analysis were necessary using SEM-EDS analysis [12] [13] [14] [15] . Morphology of compounds and elemental composition analysis in micro-areas was carried out by means of SEM DSM 942 (Zeiss, Germany) and EDS microanalysis system Quantax 400 (Bruker, Germany). Different options of signal collection were used and analyzed: from area of about 0.01 mm 
Results and discussion
The fi rst step is to determine the elemental composition of the coins by X-ray fl uorescence analysis. This technique allows rapid qualitative and quantitative multielemental analysis. Using this method, 230 coins were analyzed. The minor and trace elements such as gold, mercury, lead, bismuth, and zinc were determined. The silver content of coins was found to vary in the range 22.5-98.0 wt% and copper content was changed from 1.5 to 68.7 wt%. Figure 2 shows the Cu/Ag ratio in the coins plotted against most probably date of emission because Cu is a good indicator of debasement. During the minting period of investigated denarii, the copper content in the coins was enhanced, devaluating the coins at the same time. Detailed results of these investigations have been published elsewhere [16] .
The [17] . An example for such provenance analysis was presented in Fig. 3 . Starting with comparison of denarii with lead ore deposits, it becomes obvious that parts of the coins, mainly type V, VI, and VII, overlap with lead isotope data of galena from Upper Silesia (Olkusz) and Góry Świętokrzyskie. Rammelsberg deposit should be excluded as potential source for the studied denarii because only one denarius (type VI) from hoard 'Słuszków' has Pb isotope data similar to that of Rammelsberg galena. Detailed descriptions of these coins' provenance study are given elsewhere [16] .
Finally, SEM observation allowed us for quality of surface assessment. Introductory observations were made with small magnification. It allowed us to surface homogeneity determination, characteristic areas presence and description of both sides of coins -obverse and reverse. Surface of the coins was corroded with clearly visible corrosion products. The local cracks and crevices were present at the surface. Using SEM method, the accurate localization and precisely choosing micro-area of interest on the sample were possible. Two important areas of the coins were investigated with details: homogeneous areas at the surfaces and areas inside of craters after LA--ICP-MS investigations. Magnifi cation of 1000× was used, so the analyzed areas were about 0.01 mm 2 . The small craters were visible at the coin (Fig. 4) . Sizes of trace formed after laser ablation were in the range of about 100-200 m in length and about 50 m Pb diagram for the Saxon denarii type I, II, IV, V, VI, VII, VIII, the Otto and Adelheid denarii, dirhams, as well as Pb ores from areas such as Olkusz, Góry Świętokrzyskie, and Rammelsberg (245 objects).
in width (Fig. 4b) . Visible grains are the results of high-energy laser beam interaction with the material of the coins' (Fig. 4c) . Elemental analyses were carried out inside the small crater area. Figure 5 presents example of typical EDS spectra. Elements identifi ed in collected spectra were Ag, Cu, and Zn, attributed for main elemental composition of coin, and Si, C, and O -attributed as effects of long-time corrosion of coins.
Results of LSP analysis consists of three spectra taken along: the line at the coin surface, the line inside the crater after LA-ICP-MS investigations, and the line across the crater. The set of mentioned spectra for the Saxon coin type V Zbiersk 55 is presented in Fig. 6 . Material at the coin surface consisted of about 80 wt% of silver and small amounts of other elements -mainly Cu and Zn, Si, O, C (Fig. 6a) . The elemental composition of material inside the crater is different: there were about 60 wt% silver and about 40 wt% copper (Fig. 6b) . Authors assumed that these results correspond with the elemental composition of material used for coin manufacturing process. This was confi rmed by elemental composition analysis along the line across the crater. There were about 80 wt% of silver at the coin surface, about 60 wt% inside the crater, and again about 80 wt% at the surface. In the same time, the amount of copper was small, then increased signifi cantly, and then decreased again (Fig. 6c) . Obtained results proved the changes in elemental composition. These were caused by leaching and diffusion of copper by corrosion process during the long-time stay in the uncontrolled environment.
Comparison of Cu or Ag determined by means of XRF and SEM-EDS analysis on coin surface and inside of the crater after laser ablation is presented in Fig. 7 . The quantitative results obtained by XRF and SEM-EDS were compared. The concentrations of silver obtained by SEM-EDS at the crater after laser ablation in the noncorroded core of the coins were lower than those determined by XRF. This study confi rmed that quantitative bulk analysis via nondestructive XRF may not be directly applied in the determination of the fi neness of silver-copper coins. This fact ought to be taken into consideration especially when the thickness of corroded layer is equivalent to the depth of the fl uorescence radiation of the Ag K  line. It is important to mention that during coins investigations, the limitations that arise from a complex structure of the historical artifacts were taken into consideration.
Conclusions
-Obtained results of the carried out investigations are signifi cant for our knowledge of the history of Central European coinage, especially of Polish coinage. -Unique documentation and database for different types of coins is the result of these studies. -The work illustrates the usefulness of an integrated range of analytical techniques in approaching a problem of presented type of investigations. -Interpretation of the results was allowed to differentiate the artifacts in relation to the various types of denarii, various recipes, as well as various raw materials. -The obtained data show that it is not easy to completely and correctly identify or reproduce the materials used in the past and their deterioration processes. 
